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Figure S1 Fang NN, et al. 
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Supplementary Figure 1 Rsp5 is required for the increased ubiquitination 
induced by HS. a. Dot-blot images used for the quantification in Figure 1a.  
b. Normalized ubiquitination levels quantified by dot-blot in WT and rsp5-1 
cells incubated at the indicated temperatures for 15 minutes. Increases 
in ubiquitination from 25ºC to the HS conditions in rsp5-1 cells were each 
compared to WT with a two-tailed student t-test (**: p<0.01; ***: p<0.001).   
c. Ubiquitination levels in WT and rsp5-1 cells incubated at 45°C for the 
indicated times were assessed by western-blot.  d. Normalized ubiquitination 
levels quantified by dot-blot in WT, rsp5-1, rsp5-sm1 and rps5-3 cells under 
the indicated conditions. Increase in ubiquitination from 37ºC to 45ºC was 
compared to WT with a two-tailed student t-test (**: p<0.01; *: p<0.05).  
e. Ubiquitination levels of Tetp::Rsp5 cells treated with (OFF) or without 
(ON) 100µg/ml doxycycline before and after heat-shock were assessed by 
both dot-blot assay (bottom; quantified in Figure 1b) and western-blot (top). 
Experiments in a, b, d and e were done with three biological replicates and 
when shown the averaged values are shown with standard deviations. a.u.: 
denotes arbitrary units (each value is relative to the reference sample). The 
source values are listed in Table S4.  f. Ubiquitination levels in WT and 
rsp5-1 cells with an empty plasmid (-) or a plasmid that expressed His8-
tagged ubiquitin from the GPD1 promoter were assessed by western-blot. 
Prior to analysis cells were subjected or not to a HS (45°C for 15 min).  g. In 
vitro ubiquitination assay performed with MYC-ubiquitin in WT and rsp5-1 cell 
extracts incubated at 25°C, 42°C or 45°C for 10min and analyzed by western 
blot using anti-MYC antibodies. Pgk1 loading control is also shown. Lower 
increased in poly-ubiquitination was observed at 45°C, presumably due to the 
observed increase in protein precipitation in these conditions (data not shown). 
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Figure S2 Fang NN, et al. 
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Supplementary Figure 2 Lower levels of Nedd4 affect the increased 
ubiquitination but not cell viability upon HS. a. Levels of Nedd4 were 
visualized by western blot after loading the same protein amounts derived 
from stably transfected HeLa cells with the indicated shRNA (- stands for 
scrambled control, #A and #B express two different hairpins that target 
Nedd4).  b. The lysates in Figure 2a, were re-analyzed by western blot on a 
15% SDS-PAGE in order to visualize free mono-ubiquitin.  c. Viability of the 
indicated cells was assessed by mixing cells with 0.4% trypan blue stain 
and then counting with a CountessTM Automated Cell Counter (Invitrogen) 
after the indicated heat-stress in three independent HS assays.  d. Nedd4 
(+/+) or (-/-) MEFs were incubated at the indicated temperatures at the noted 
times and ubiquitination levels were analyzed by immunoblotting. Upon 
quantification, ubiquitination levels were higher at 45°C (data not shown), 
and hence that temperature was used for the subsequent experiments.
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Supplementary Figure 3 Rsp5 ubiquitinates mainly cytosolic proteins upon 
HS without the help of arrestin-containing proteins. a. Summary table of 
ubiquitination sites (GG peptides) and proteins in two independent SILAC 
experiments. Experiment 1 (Exp1) analyses are also shown in Figure 3b and 
3d.  b. Comparison of SILAC ratios for proteins identified in both the whole 
cell lysate (WCL) and after the GG peptide enrichment. 523 proteins with 
at least two unique peptides were identified and 446 proteins quantified 
in WCL (only lysine was SILAC-labelled in this experiment). Protein levels 
were quantified in WCL for 137 ubiquitinated peptides. The log2 ratio values 
of light (WT, HS) versus medium (WT, no HS) SILAC-labeled proteins are 
compared in the top graph, and light versus heavy (rsp5-1, HS) in the lower 
graph. The ratio values of the ubiquitinated peptides are shown in the x-axis, 
while the ratio values of the corresponding proteins in the WCL are shown 
in the y-axis. There was one Rsp5 candidate substrate protein (Sec27) that 
was more abundant in WT cells in comparison to rsp5-1 cells; in this case 
the observed decrease in ubiquitination in rsp5-1 cells may be attributed to 
lower protein levels. A few more Rsp5 candidate substrate proteins were also 
slightly more abundant in WCL (New1, Pbp1, Glt1, Gln1 and Cdc48), but 
their GG ratios were greater, thus the changes in ubiquitination levels cannot 
be fully attributed to changes in protein levels and correspond to lesser 
conjugation in rsp5-1 cells.  c. Immunoprecipitation (IP) of the indicated 
C-terminally 13xMYC tagged proteins expressed from a plasmid under a 
GDP promoter in heat-shock (20 min, 45°C) treated Tetp::Rsp5 cells pre-
treated for about 12 hours with (OFF) or without (ON) 100µg/ml doxycycline. 
Samples were analyzed by western blotting as indicated. Ubiquitination 
signals were quantified in the molecular weight regions indicated by grey 
dotted lines. Signals were normalized to Pgk1 levels after background 
subtraction from the control lane. For comparison the Hul5 substrate Lsm7 
was also included. Ubiquitination of Cdc19 and Pdc1 was also assessed 
using a MYC tagged ubiquitin, for which there was a lower background in 
control lanes (Figure 4c, d). d. Localization of HS-induced Rsp5 candidate 
substrates identified in the second SILAC-diGly mass spectrometry 
experiment shown in a. Distribution of proteins in each compartment is shown 
in percentage. C: Cytoplasm; N: Nuclear; M: Membrane; Mit: Mitochondria.  
e. Tet::RSP5 cells expressing N-terminal GFP tagged Rsp5 with or without 
a NLS or an empty HIS plasmid were pre-treated for about 12 hours with 
100µg/ml doxycycline (OFF). Ubiquitination levels of cells heat-shocked 
or not for 15 min at 45ºC were assessed by dot-blot (left). Fluorescent 
microscopy images of representative GFPRsp5 and GFP-NLSRsp5 expressing 
cells are shown on the right with the DNA stained with Hoechst.  Scale bar 
represents 2µm. f. Increased ubiquitination levels in WT, art1-10∆, and art1-
8,10∆ cells from 25ºC to 45ºC were assessed by dot-blot. Ubiquitination 
levels were normalized to Pgk1 levels.  g. Normalized ubiquitination levels 
before and after heat-shock in WT and rsp5-1 cells containing the indicated 
plasmids (- denotes presence of a control empty plasmid) were quantified 
by dot-blot. Both RSP5 and rsp5-C2∆ were expressed under a Gal-promoter 
induced for 60min with 2% Galactose at 37°C.  Experiments in e-g were 
done with three biological replicates and the averaged values are shown with 
standard deviations; a.u. denotes arbitrary units (each value is relative to the 
reference sample). The source values are listed in Supplementary Table S5. 
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Supplementary Figure 4 Rsp5 and Hul5 are mainly required for the increased 
ubiquitination of different proteins. a. Increased ubiquitination levels 
quantified by dot-blot after a 15min HS at 45ºC in the indicated cells. Cells 
were pre-incubated at 37°C for 30 min prior to the HS. Experiments were 
done with three biological replicates and the averaged values are shown with 
standard deviations; a.u. denotes arbitrary units (each value is relative to 
the reference sample). The source values are listed in Table S4.  b. IMAC of 
samples from WT, hul5∆ and rsp5-1 cells that expressed His8-ubiquitin and 
Lsm7TAP from the same plasmid after a HS at 45°C for 20 min were analyzed 
by western-blot using anti-TAP antibodies. Relative levels of the poly-ubiquitin 
signal are indicated below.  c. IMAC-enriched ubiquitin conjugates were 
analyzed by western blots. Samples were derived from indicated cells (rsp5-1 
designated by green circles) expressing endogenously tagged candidates 
(3xHA) and H8-Ubiquitin. HS was applied to all samples in b and c.
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S U P P L E M E N TA RY  I N F O R M AT I O N
WWW.NATURE.COM/NATURECELLBIOLOGY 5
a b
c
Figure S5 Fang NN, et al. 
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Supplementary Figure 5 The heat-induced degradation of short-lived 
proteins requires functional proteasome. a-b. Degradation of 35S labeled 
proteins in WT (grey) and indicated mutant or deletion strains (green) cells 
at 25ºC (dotted lines) or 38ºC (solid lines). The portion of proteins degraded 
at the indicated times was measured for short-lived proteins (5min labeling). 
The same values for WT samples are shown in a and b as all samples were 
analyzed together. Experiments were done in three independent experiments 
and averaged values are shown with standard deviations. The source values 
are listed in Supplementary Table 5.  c. Increased ubiquitination levels 
from 25ºC to 45ºC (15min) in WT and rsp5-1 cells treated with or without 
100µg/ml cycloheximide were analyzed by dot-blot assay. Three biological 
replicates were analyzed, averaged values are shown with standard deviation 
and source values are listed in Table S4. a.u. denotes arbitrary units (each 
value is relative to the reference sample).  d. Protein localization of the 
cytoplasmic fraction sample obtained by native lysis and analyzed by mass 
spectrometry. 348 proteins were identified in this experiment. The same 
lysis method was used for samples analyzed in Figure 5d. C: Cytoplasm; N: 
Nuclear; M: Membrane; Mit: Mitochondria.
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Supplementary Figure 6 The Ydj1 Hsp40 is required for the increased 
ubiquitination induced by HS. a. Histograms of proteins with at least 1, 2 or 3 
Ydj1 binding motifs among HS-induced Rsp5 candidate substrates and in the 
proteome. The Ydj1 binding motif GX[LMQ]{P}X{P}{CIMPVW} was previously 
identified59, p-values calculated using a Fishers exact test are shown, and 
assigned motifs are listed in Table S4.  b. Western blot analysis of one of 
three lysates quantified by dot-blot in Figure 5a. Ubiquitination levels were 
assessed after HS (45°C, 15min) in the indicated cells that carried a LEU2 
plasmid that was empty or with YDJ1 or ydj1 (PP/GG) expressed from the 
YDJ1 promoter. Ubiquitination levels normalized to Pgk1 levels are indicated 
in grey and were quantified in the region indicated by the dotted line and.  
c. IMACs from samples derived from WT, ydj1∆ or rsp5-1 cells expressing 
His8-ubiquitin from a first plasmid and CDC19 (with C-terminal 13xMYC) in a 
second plasmid. Cells were HS (45°C, 20 min) or not prior to lysis and IMACs 
were analyzed by western blot using anti-MYC antibodies. The relative level of 
poly-ubiquitination is shown for each lane. Inputs and Pgk1 are also shown.
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Supplementary Figure 7 A destabilizing mutation near a PY-motif of Cdc19 
induces proteasome degradation. a. The predicted percentage of relative 
solvent accessibility was plotted for the PY motifs within structured regions 
of Rsp5 candidate substrates that are HS-induced (grey) or identified in a 
protein array (green). Solvent accessibility of motifs was predicted using 
Sable (http://sable.cchmc.org/) by averaging relative accessibility for the 
four PY residues (source data are listed in Table S4). The median solvent 
accessibility of PY motifs in disordered regions in both datasets combined 
(presumably accessible) is marked with a dotted line for comparison. A box 
plot of the data is also shown above the plot.  b. Surface contour (upper 
left) of the crystal structure of the Cdc19 homo-dimer (1A3W): chains are 
depicted in green and cyan, PY motif (LPNY) in magenta (with the tyrosine 
side chain embedded in the structure), and D367 in orange. Enlargement 
(lower right) of the WT Cdc19 homo-dimer interface near D367 is showed. 
Backbones are depicted in cyan and pale green, sidechains in bright green 
and blue, and D367 in red. The predicted change caused by the D367R 
mutation in the interaction energy of the homo-dimer is also indicated.  c-d. 
IMACs from samples derived from ydj1∆ (c) or YDJ1 (d) cells expressing 
His8-ubiquitin from a first plasmid and the indicated Pdc1 constructs 
(with C-terminal 13xMYC) in a second plasmid. Cells were HS (45°C, 20 
min) prior to lysis and IMACs were analyzed by western blot using anti-
MYC antibodies. Inputs and Pgk1 are also shown. Note that Pdc1 may 
still be slightly ubiquitinated in rsp5-1 cells, presumably by Hul5 (Figure 
3f).  e. Western blots of samples derived from wild-type cells (BY4741) 
expresseing the indicated C-terminally 13xMYC tagged Cdc19 and that 
were shifted to 42°C in the presence of 100µg/ml cycloheximide (CHX) at 
the indicated time. The MYC band signals, normalized to the corresponding 
Pgk1 signals, are indicated below in grey.  f. Representative western blots 
used for quantification in Figure 7g.  g-h. Western blots of samples derived 
from indicated cells that expressed the C-terminally 13xMYC tagged 
Cdc19(D367R) and that were shifted to 42°C in the presence of 100µg/
ml cycloheximide (CHX) at the indicated time. The MYC band signals, 
normalized to the corresponding Pgk1 signals, are indicated below in grey.  
i. The proportion of PY and PY-like motifs ([PLV]PxY, [PSV]PxF, PPPP or 
PPR) in proteins encoded in the yeast genome that are located in regions 
predicted to be disordered (IDP) or not (i.e., structured) are indicated.
© 2014 Macmillan Publishers Limited. All rights reserved. 
 
S U P P L E M E N TA RY  I N F O R M AT I O N
8  WWW.NATURE.COM/NATURECELLBIOLOGY
Figure S8
250
150
100
75
50
37
25
20
15
10
250
150
100
75
50
37
25
20
15
10
1a
Ub
Pgk1
250
150
100
75
50
37
25
20
15
10
250
150
100
75
50
37
25
20
15
10
250
150
100
75
50
37
25
20
15
10
1d
Pgk1
MYC
Rsp5
170
130
95
72
55
43
34
26
17,10
170
130
95
72
55
43
34
26
17,10
2a
Ub
Tub
250
150
100
75
50
37
25
20
15
10
250
150
100
75
50
37
25
20
15
10
250
150
100
75
50
37
25
20
15
Ub
V5
Tub
2c
IMAC
3c
250
150
100
75
50
37
25
20
15,10
250
150
100
75
50
37
25
20
15,10
250
150
100
75
50
37
250
150
100
75
50
37
250
150
100
75
50
37
250150100
75
50
37
25
20
15,10
250150100
75
50
37
25
20
15,10
250
150
100
75
50
37
25
20
250
150
100
75
50
37
25
20
CDC19 PDC1 SUP45
HA
HA
Pgk1
Input
MYC
HA
IP
Input
HA
Pgk1
250
150
100
75
50
37
50
37
50
37
4d PDC1 6c250
150
100
75
50
37
25
20
15
250
150
100
75
50
37
25
20
15
250
150
100
75
50
37
25
20
15
250
150
100
75
50
37
25
20
15
250
150
100
75
50
37
25
20
15
Rsp5
TAP
TAP
Rsp5
Pgk1
IP
Input
6d
250
150
10075
50
37
25
20
250
150
10075
50
37
25
20
250
150
100
75
50
37
25
250
150
100
75
50
37
25
250
150
100
75
50
37
25
Rsp5
Rsp5
Pgk1
HA
HA
IP
Input
250
150
100
75
50
37
250
150
100
75
50
37
25
20
250
150
100
75
50
37
25
20
6e
GFP
IMAC
Input
4b
250
150
100
75
50
37
25
20
15
10
250
150
100
75
50
37
25
20
15
10
250
150
100
75
50
37
25
20
15
10
250
150
100
75
50
37
25
20
15
Ub Ub-K48/K63
MYC
Pgk1
10
IMAC
Input
MYC
MYC
Pgk1
7b 7c 7e 7f
250
150
100
75
50
250
150
100
75
50
250
150
100
75
50
37
25
250
150
10075
50
37
250
150
100
75
50
37
25
250
150
100
75
50
37
25
250
150
100
75
50
37
250
150
100
75
50
37
25
25
250
150
10075
50
37
25
250
150
10075
50
37
25
20
250
150
100
75
50
37
250
150
100
75
50
37
250
150
100
75
50
37
25
20
15
10
Ub Nedd4 Tub
2b
4c
250
150
100
75
50
37
250
150
100
75
50
37
50
37
50
37
CDC19
MYC
HA
IP
HA
Pgk1
Input
250
150
100
75
50
37
25
20
250
150
100
75
50
37
25
20
250
150
100
75
50
37
25
250
150
100
75
50
37
25
20
250
150
100
75
50
37
25
20
IP
Input
Rsp5
Rsp5
MYC
MYC
Pgk1
7d
Supplementary Figure 8 Uncropped images of Western blots of main figures.
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Supplementary Table Legends
Supplementary Table 1. List of ubiquitinated peptides and proteins quantified in the Rsp5 mass spectrometry analyses. 
Supplementary Table 2. Number of indicated PY motifs identified among Rsp5 substrate candidates identified by mass spectrometry in the HS-conditions 
and by protein array.
Supplementary Table 3. List of yeast strains used in this study.
Supplementary Table 4. List of plasmids used in this study.
Supplementary Table 5. Graphs and statistics source data. Source data for each figure panel are listed on a separate spreadsheet.
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